Abstract. In this work, the combustion characteristics of coal gangue (CG), municipal refuse derived fuel (RDF) and their blends were investigated via thermogravimetric analysis. Effects of the RDF on the whole co-combustion process like the devolatilization, ignition, and burnout characteristics were analyzed. The results showed that the combustion profiles of RDF were more complex than that of coal gangue. The blending of RDF could improve the combustion characteristics of coal gangue, especially the volatile release and ignition characteristics. Further, the kinetic results showed RDF could improve the reactivity of char combustion stage of the co-fuels and the effect was more pronounced with higher RDF blending ratio. All of these results indicated the feasibility of co-combustion of RDF and coal gangue in the existing coal gangue power station.
Introduction
In recent years, the amount of municipal solid waste (MSW) collected and transported increases from 148 million tons in 2006 to 172 million tons in 2013, which results in seriously environmental problems in China. MSW incineration has a rapid development t due to its volume reduction, energy recycling and hygienic control [1] . In comparison with establishing new MSW incineration power station, utilization of the existing coal power generation station for MSW incineration with coal means higher efficiency and lower capital investment [2] . However, the direct co-combustion of coal and raw MSW is not recommended because the latter is mutable and has high water and incombustible components. In contrast, refuses derived fuel (RDF) made form MSW has uniform properties, higher calorific value and lower moisture content, which leads to better combustion performance [3] .
Coal gangue is one of the largest industrial solid wastes produced from coal mining and washing process [4] . With the development of circulating fluidized bed combustion technology and policy support, coal gangue power generation as one of the most efficient utilization ways has a rapid development in China [5] . However, due to the low calorific value and volatile content, coal gangue is difficult to burn and high-quality coal is generally needed to improve its bad combustion performance. Because RDF has high volatile content, high calorific value and low ignition temperature, the co-firing of coal gangue and RDF instead of coal is probable. The co-firing can also reduce the secondary pollution from RDF due to the synergistic effects between coal and RDF [2, 6] . Hence, there are strong potential for the co-combustion of coal gangue and RDF in existing coal gangue circulating fluidized bed power station.
In this work, the combustion characteristics of coal gangue, municipal RDF and their blends with different mixture ratio were studied by thermogravimetric analysis (TGA). The results may provide a useful basis for the co-combustion of municipal RDF and coal gangue in existing coal gangue power station with high efficiency and low cost.
Experimental

Materials
The coal gangue utilized in this study was provided by Pingshuo Coal Gangue Power Generation Company in China. Municipal RDF was provided by a refuse processing plant. The samples were dried in a drying oven at 373 K for 5 h, after which coal gangue and RDF were ground to less than 200 µm and 1 mm respectively. Blends of coal gangue and RDF were prepared in the blend level of 5%, 10%, 15%, 20%, 30%, 40% and 50% (wt.%). The thermogravimetric experiments were conducted in a TA SDT-Q600 simultaneous DSC/TGA analyzer. In each experiment the sample weight was about 10 mg, which was added into a cylindrical alumina crucible. The temperature range is from room temperature to 1273 K at a constant heating rate of 10 K/min, under air atmosphere at 50 ml/min. The weight loss (TG curve), the derivative weight loss (DTG curve) and the heat flow (DSC curve) were recorded as a function of temperature and time during the heating run. The characteristic temperatures during the combustion process can be determined according to the TG and DTG curves [7] .
Apparatus and Methods
Proximate
Results and Discussion
Proximate and Ultimate Analysis of the RDF and Coal Gangue Note: M ad -moisture (air dried basis); A ad -ash (air dried basis); V ad -volatile matter (air dried basis); FC ad -fixed-carbon (air dried basis); HHV -higher calorific value (dried basis). Table 1 lists the proximate and ultimate analysis results of the RDF and coal gangue. The properties of these two materials show a great difference. Compared to coal gangue, RDF has a much lower fixed carbon content and higher volatile content, oxygen content and calorific value. The blending of RDF with high volatile and oxygen content may improve the ignition characteristic of coal gangue which is desirable for the combustion of low-rank or high-ash coal [8] . It is noteworthy that the chlorine element in RDF is 0.73 wt.%, which is significantly higher than that in coal gangue (0.01wt.%) and gives the risk of the chloride pollutants release. But the pollution could be reduced by the co-combustion of RDF with coal [6] .
Co-combustion Process of RDF with Coal Gangue
It can be found from the TG profiles in Fig.1 A that Base on the Fig.1 A and Fig.2 , the curves of the blends located between the individual materials regularly. At the same temperature, the weight losses of the blends increase with the increasing of RDF ratio due to its lower ash content. The DTG curves in Fig.2 reveal that there are two main weight loss stages of the blends. The stage I is the release and combustion of volatile matter with the peak temperature range from 278 o C to 296 o C at different RDF ratios and the stage II is corresponding to the combustion of fixed carbon with the peak temperature range from 455 o C to 476 o C. As the increase of RDF ratio, the peak weight loss rate of stage I gradually increases while that of stage II gradually decreases. This is mainly because the blends have higher volatile matter content and lower fixed carbon content with the increase of RDF ratio. The corresponding peak temperature of stage II decreases with the increasing RDF ratio which indicates that the combustion of fixed carbon is brought forward. This is mainly because the large amount of volatile matter released from RDF in stage I is easily to burn at low temperature and liberates enough energy to preheat the coal gangue, which can not only promote the early volatile release from coal gangue, but also the early char combustion.
The DSC profiles of the blends with different ratios of RDFas shown in Fig.2 B, there are two obviously peaks of heat flow which corresponds to the two main weight loss peaks in the DTG curves. It further indicates that the combustion process is composed of two stages: the release and combustion of volatile matter and the combustion of fixed carbon.
Co-combustion Characteristic Parameters of Coal gangue and RDF
The combustion characteristic parameters of different blends are shown in Table 2 . Note: DTG max -maximum combustion rate; DTG mean -average combustion rate; T v -volatile release temperature; T i -ignition temperature; T f -burnout temperature.
It is obvious that the volatile release temperature of the co-fuels decreases with the increasing RDF blending ratio. That's because the RDF has higher reactivity than coal gangue and the volatile release temperature is much lower. Generally, the higher the volatile matter content is, the easier the fuel gets ignited. This was verified in present co-combustion process, as shown in Table 2 , the ignition temperature of the blends decreases gradually with the increase of the blending ratio of RDF. It means the blending of high-volatile RDF with high-ash coal gangue will always lower the ignition temperature. It is beneficial to the combustion of coal gangue. Coal gangue is known as high-ash yield, low heating value and low carbon content. Hence, it usually requires an additional ignition support to facilitate combustion. Volatile released in the co-combustion with RDF can provide the ignition energy needed for stable combustion of coal gangue.
It can be also observed from Table 2 that the burnout temperature decreases slightly with the increase of RDF blending ratio, which means the burnout characteristic of the blends has no obvious deviation from separate combustion of coal gangue. The additive of RDF makes the reactions faster at the volatile release and combustion stage, which also results in the reducing of the oxygen concentration for the low reactive fuel at the second stage. At the meantime, the volatile matter released from the first stage may push the flame away from the surface of the co-fuel [7] . Hence, although the peak temperature of the second stage decreases and early char combustion is achieved, burnout temperature has a relatively small change.
Kinetic Study
In order to investigate the effects of the blending of RDF and coal gangue on the thermal reactivity, a simple kinetics analysis is conducted. According to the Coats-Redfern method and the first-order reaction mechanism, the following equation can be deduced from the Arrhenius equation and reaction rate equation [9] :
Where x, T, β, E, R and A are the level of sample conversion, the thermodynamic temperature, the constant heating rate, ideal gas constant, and apparent activation energy, respectively. Because 2RT/E≪1, ln[AR/βE (1-2RT/E)] can be regarded as constant. Hence, the apparent activation can be determined according to the slope by plotting ln[(-ln(1-x))/T 2 ]~1/T. The results of the kinetic analysis for raw materials and their blends are presented in Table 3 . The high coefficient values suggest that the first reaction model gives a satisfactory fit to the co-combustion process. The activation energy of stage I increases with the increasing proportion of RDF while that of Stage II decreases. It indicates the additive of RDF could improve the thermal reactivity of char combustion stage of the co-fuels. But the blending ratio should be maintained suitably because the thermal reactivity of stage I will become worse when the blending ratio increases.
Conclusion
There is great difference between the combustion profiles of coal gangue and RDF. The devolatilization and ignition temperature decrease significantly while burnout temperature remain unchanged by co-combustion. The additive of RDF can improve the thermal reactivity of the char combustion stage. Taking into account the above factors, the co-fuel can be burned in the existing coal gangue power generation station without large equipment modification and capital investment.
